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The transport properties of high-performance thin-film transistdBT) made with a regioregular
poly(thiopheng semiconductofPQT-12 are reported. The room-temperature field-effect mobility of the de-
vices varied between 0.004 and 0.1%Ws and was controlled through thermal processing of the material,
which modified the structural order. The transport properties of TFTs were studied as a function of temperature.
The field-effect mobility is thermally activated in all films & 200 K and the activation energy depends on
the charge density in the channel. The experimental data are compared to theoretical models for transport, and
we argue that a model based on the existence of a mobility edge and an exponential distribution of traps
provides the best interpretation of the data. The differences in room-temperature mobility are attributed to
different widths of the shallow localized state distribution at the edge of the valence band due to structural
disorder in the film. The free carrier mobility of the mobile states in the ordered regions of the film is the same
in all structural modifications and is estimated to be between 1 and?A\ts
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I. INTRODUCTION deviation of the Gaussiaftypically 0.1 e\j increases with
The carrier mobility of polymer semiconductors has im- increasing disorder in the material. To simplify the calcula-

proved tremendously over the past few years Field-effecions’ electronic structures comprising an exponential tail in
' 12

mobility as high as 0.1 cAfV s has recently been measured th€ band gap are often used as well. Tanesal." have

in regioregular polgthiophenes'~3 Transport characteristics unified these two descriptions by showing that for field-effect

are strongly dependent on the degree of order of the polyméFanSiStorS(FETs’ where the areal charge density in the

semiconductor at the dielectric interface. Because the stru emiconductor s _high, an exponential density-of-states

. - DOS) is a good approximation of the Gaussian DOS.
}:rﬁo?fJziopn?%?ﬁrtgef?nedn?: ?hnet:}teefar&(is\sl\%gelcogﬁ;gms' The aim of this paper is to explore the relation between
- ; . y 9 structural order and electronic conduction in polythiophene
mobility values obtained for nominally the same polymer. IN¢hi

icul h f the dielectri P . h n film transistors, in order to understand the electronic
particular, the energy o t7e electric surtace prior ;?E thestructure and transport mechanisms. We modify the polymer
deposition of the polymet,” the solvent evaporation rate, gtrycture by different thermal processing, and can vary the

the molecular weight of the polymérand thermal post-  mopility by a factor of 25. The carrier mobility also depends
processing of the filthall influence the carrier mobility. on the drift field, the carrier density, and temperat#&°In
There is no general consensus on the mechanism @fe|d-effect transistor§FETS operating in the linear regime,
charge transport in these amorphous or polycrystalline matehe dependence of the mobility on the drift field can be ne-
rials. A complete model of the electrical properties shouldglected since the geometry of the device generates small lat-
include a description of the energy distribution of the carrierseral fields(~few 10* V/cm) for typical device geometries
and how the conduction varies as a function of energy(channel lengtk>5 um). We use the dependence of the mo-
Disorder-induced localized states are clearly important fobility on carrier density and temperature to determine the
the transport, and the essential question is the relation beransport mechanism and other properties of the polymer,
tween atomic structure, electronic structure and the transporsuch as its free carrier mobility and the shape of the DOS. In
Generally, charge transport in disordered materials is depolymers, however, transport measurements are limited to a
scribed either as hopping between localized states, or traprarrow temperature range because of material degradation at
ping and release from localized states into a higher energgnoderate temperatures, which makes it difficult to test trans-
mobile state?? The degree of structural order may change theport theories.
mechanism even within the same class of polymer. Section Il describes experimental results, obtained by
Because the electronic structure of semiconducting polymeasuring the characteristics of regioregular gbigphene
mer films is not known experimentally, a simplified model transistors as a function of temperature for different process-
has to be assumed. The model proposed by Bassésr  ing conditions. Section Ill compares a variable range hop-
sumes that the energy distribution of the carriers is Gaussiaping model with a mobility edgéME) model with an expo-
due to the random disorder in the material. The standardential density of shallow traps. In Sec. IV we argue that the
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ME model is preferred, and extract the materials parameters r
accordingly. The-V curves of our devices as a function of i
temperature are simulated using these parameters and com-
pared to the experimental curves. We estimate the carrier
mobility of the mobile states, and show that the variation of
mobility with different processing conditions can be attrib-
uted to a different extent of trapping in disordered states. The - /

free carrier mobility in all the devices is approximately con-

stant and we estimate it to be between 1 and 4/ths. / L
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II. EXPERIMENT

A. Device fabrication and characterization FIG. 1. X-ray diffraction spectra of PQT-12 films.

Coplanar thin-film transistorsTFTs) were fabricated on @ giates. Particularly at low temperature, it is not easy to iden-

doped Si wafer that acted as a common gate electrode. Thﬁy V;, and the choice o¥/; affects the apparent mobility.

gate dielectric was a 100 nm layer of thermally grown oxideye giscuss this issue in more detail below and compare al-
coated with a monolayer of octyltrichlorosilane or arnative analyses of the data.

octadecyltrichlorosilan&.The surface treatment of the di-
electric improved the mobility of the transistor by approxi- o _
mately three orders of magnitude. The devices were made by ~ B- Structural modifications of the poly(thiophene)
spin coating on a chip with prepatterned bottom Au contacts The microstructure of the palthiopheng material was
a solution of poly5,5-bis(3-alkyl-2-thieny)-2,2'-  modified by varying the processing conditions. The TFTs
bithiopheng] (PQT-12, a polythiopheng synthesized by were first characterized immediately after spin coating and
the Xerox Research Centre of Canddahe monomer of drying the polymer film(“as-spun” devices The film was
PQT-12 has symmetric alkyl side chains, which ensures thahen annealed at 80 °C for 1 h followed by 140 °C for
the resulting polymer is regioregular. The channel length®0 min and then cooled to room temperature at approxi-
varied between 40 and 1Qdm and the widths varied be- mately 1°C/min (“annealed” devices We also character-
tween 500 and 100@m. The semiconductor thickness var- ized the TFTs after quenching the film from 150 °C in liquid
ied between 20 and 60 nm. N, (“quenched” devices This temperature was chosen be-
The TFTs were electrically characterized by measuringzause it corresponds to the isotropic temperature of the poly-
transfer and output curves in a vacuum probe statiomner, as confirmed by a blueshift in its absorption spectrum
(P<1 mTorn equipped with a Joule-Thomson refrigerating and a rapid degradation of its electrical properties. The elec-
stage for low-temperature measurements dowm~®80 K trical degradation was reversible upon slow cooling to room
(MMR Technologies, Mountain View, CA Two measure- temperature.
ment modes were used. In the dc mode, the gate electrode These different processing conditions altered the crystal-
was biased continuously during the voltage sweep. In thiginity of the poly(thiopheng film. X-ray spectra of the as-
mode, the measurement of a transfer curve took several mispun and annealed films are shown in Fig. 1. The as-spun
utes. Bias stress due to trapping of carriers at thdilm shows a broad diffraction peak at an interplanar spacing
semiconductor/dielectric interface was occasionally observedf approximately(18.8+0.3 A. Indeed, solution-processed
at low temperature after taking measurements in the dgoly(thiophenesare known to spontaneously form polycrys-
mode. Detrapping of carriers at room temperature in PQT-12alline films upon dryind. After annealing, the main diffrac-
is relatively fast(~1s) but can take longer at lower tion peak narrows and shifts to slightly smaller spacing
temperatured. In order to effectively guarantee threshold (17.8+0.3 A, and a second order diffraction peak is also
voltage stability over the course of the temperature ramp, weetectable in this spectrum. The results are consistent with
took measurements in the pulsed mode, where only a shotfie expectation that the annealed film has a higher degree of
(~few ms pulse is applied to the gate electrddeNo bias  structural order. The quenched film did not display any x-ray
stress or long-lived threshold voltage shift were observed iniffraction peak, and is apparently amorphous.
the pulsed mode. Low currents<100 pA) are not easily The results of the room temperature TFT measurements
measured with the pulsed gate method: The sub-thresholdr the three different structural modifications are shown in
region and the onset voltage of the devices were therefor€able |, and were reproducible over several samples. The
accurately determined only in the dc mode. annealed film has the highest mobility followed next by the
The TFT characteristics are described by an onset voltagguenched and then by the as-spun films, with an overall dif-
when the current rises rapidly from the off-state leakagderence of a factor 20-25. The large difference between the
value, and a threshold voltagé denoting, ideally, that the onset and threshold in all the films indicates that the Fermi
FET is fully turned on. The onset voltage is typically very level moves through a substantial population of shallow
close to 0 V indicating little residual doping in the material. donor-like states in the polymer as the devices turn on. It is
A significant voltage between onset and threshold is a chamotable that the quenched devices, whose polymer structure
acteristic of disordered materials and is due to the localizethcks crystalline order, have a higher mobility than the as-
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TABLE |. Typical room temperature electrical characteristics of

-7
the PQT-12 films. Occasionally devices stored for a long time 10%
in an inert atmosphere showed a smaller sub-threshold slope <0
(~0.5V/deg and consequently a lower; (~-5 V) as the one E 10°
shown in Fig. 2. §1U‘°
£10™"
Mobility Subthreshold gwm
(cm?/Vs) Voo (V) V7 (V) slope(Video 107
Annealed  0.09+0.01 0+1  -9+2 0.8+0.2 L T TS s
Quenched 0.02+0.01 0+1 -12+1 0.9+0.2 Gate voltage (V)
As-spun  (4+1)x 1073 0+1 -12+1 2.7+x0.4 (a)
5x107 -
spun devices. As discussed further below, the transistor ac- |
tion occurs within about 1 nm of the dielectric interface and <
therefore bulk measurements of structural order do not nec- £ 3107
essarily correlate with TFT performance. For instance, the g
chemically functionalized dielectric/semiconductor interface ; 2x107
may perturb locally the ordering of the polymer. z dio”
X
C. Transport measurements as a function of temperature ] 0 "_15 =5 5 o
Low temperatures present both measurement and analysis Gate voltage (V)
challenges. At moderate gate voltage, no significant bias (b)

stress effects are observed in the dc measurement mode. The
onset voltage of the device remains independent of tempera- FIG. 2. DC transfer characteristi¢¥ps=-1 V) of a PQT-12
ture, as observed by Meijeat al?® At the lower tempera- transistor as a function of temperature: semijograle(a) and lin-
tures, however, a high gate bias is helpful to obtain reliabledar scaleb).
current measurements. In these conditions, pulsed measure-
ments are used to avoid bias stress and guarantee the stabilitgvice depends on gate voltage in addition to temperature.
of the onset voltage. As the temperature is reduced, the oDimitrakopouloset al?® verified that the gate voltage depen-
current—and consequently the mobility—decreases and théence in organic TFTs is due to the varying charge density
turn on of the device is slower, as shown in Figg)2There  and not the gate field. According to standard FET theory, the
is an increase in the subthreshold slope, and the thresholdobility in the linear regime, as a function of temperature
voltage extracted from the linear regime appears to becomand charge density is
more negative with decreasing temperatisee Fig. 2b)].

As a first approximation, we extracted the mobility from w(T,N) = LDS(T), (1)
the linear regime fit of the drain current as a function of gate WX VpsX N

24 ili
voltage:™ The temperature dependence of the mobility OfwhereL andW are, respectively, the length and width of the

“as-spun,” “annealed,” and “quenched” devices is shown i . i ,
Fig. 3. In spite of the large differences in room temperaturgTFT channel and is the charge density accumulated in the

mobility, the general shape of all the curves is the same. Thghannel. When the TFT is in its on-state, the charge density

temperature dependence of the mobility of PQT-12 transis. the channel isCo|Vs— V1| (whereC, is the gate dielectric

tors is not monotonic. We interpret the plateau between 220

and 250 K and the sudden mobility increas& at250 K as o' g s'°'"°:°:’ed
due to structural relaxation in the polymer. A pronounced - A asepun
hysteresis in the current versus temperature measurements is -
also observed in this region. A more detailed analysis of this >
behavior will be published elsewhere. A& 200 K, the tem- E
™ . 3
perature dependence of the mobility follows an Arrhenius- =108
like law, with an apparent activation energi,, of E
40-60 meV and no hysteresis is observed. This activation 2.

energy is compatible with literature values for other high-
performance polymer semiconductbrand indicates that
only the temperature dependence of charge transport is mea- 10— o6 o0m  ooi0  ooi2
sured in this regime. UT (K™

Inspection of the transfer curves @& 200 K in Fig. 4,
reveals that a substantial curvature is present, even at high FIG. 3. Temperature dependence of the mobility of differently
gate voltage, and therefore that the effective mobility of theprocessed PQT-12 films.
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FIG. 4. Transfer curves of the annealed device as a function of
temperaturdVps=-20 V). 10° Annealed
Quenched
) ) ) — 10" As spun
capacitanceY is the gate voltage, and; is the threshold 0
voltage. The operational definition of the threshold voltage 2 \
consists of extrapolating the linear portion of thg versus E 10
V curve tolps=0, in the limit where a smaNg is applied. 2 e
The intercept atps=0 is equal tov1+Vpg/2. When the mo- 5 “a.
bility depends on charge density, this definitionvgfcannot S o .0
be applied sincépg does not depend linearly ov;. Physi- T
cally, however\V; is the gate voltage at which enough charge 105 . , . , . ,
is induced in the channel to allow the TFT to be strongly in 0.000 0002 0004 0006 0008 0010 0012
its on state. In our measurements, the turn-on voltage of the 1T (K™

devices did not shift as a function of temperature. As a con- (b)

sequence, the amount of charge in the channel is determined

only by the gate voltage and is independent of temperature. FIG. 5. Temperature and gate voltage dependence of the mobil-
Thus, when the transistor is in its on-state, we have at alty of annealed(a) and all (b) PQT-12 films.Vps==1V for the

temperatures annealed filmVps=-2 V for the quenched and as-spun films.
TV.) = L X Ipg(T) 5 conclude that the uncertainty in analysis does not affect the
m(T.Ve) = 2 broad features of the result.

WX Vps X Co(Vg=V9)'
where\? is the threshold voltage measured at room tempera-  Ill. CHARGE TRANSPORT AND DEVICE MODELS
ture. Equation(2) is valid when the device is switched on
strongly (i.e., VG>V$) and allows to extract the effective
mobility from transfer measurements without having to cal-
culate derivatives ofpg(Vg).
An example ofu as a function of 1T at different Vg,

using Eq.(2), is shown in Fig. Ba) for the annealed devices.

In this section we fit the temperature dependence data to
models of the electronic structure and transport properties of
the polymer. The variable range hopping model proposed by
Vissenberg and Mattefis compared with a ME modé?,
and we argue that the ME model is preferred. The parameters
extracted from this model are then used in a device simula-

tion energy decreasing with increasiig. The fitted lines
intercept they-axis approximately at the same poifj
~0.6 cnt/V s). We do not observe the intersection at a finite
temperaturéMeyer-Neldel rulg as reported by Meijeet al.
in similar measurements of other organic semiconductor
(P3HT, PTV, and pentacen®?’ Figure %b) is similar to
Fig. 5a) comparing the mobility data measured in the three
types of films. For clarity, not all the experimental data
points are shown here. Interestingly, the extrapolated mobil- Vissenberg and Matters developed a transport model
ity at 1/T=0 for the three films varies only by a small factor based on variable range hopping in an exponential DOS and
even though the room temperature mobility spans almost twincluding percolation. This model was developed to analyze
orders of magnitude. the temperature dependence of charge transport in organic
Comparison of the mobility values in Figs. 3 and 5 showsemiconductors, and was primarily intended to apply to
a similar magnitude and temperature dependence. Since tlenorphous polymers. The authors describe the conductivity
two different methods of analysis give similar results, wein the polymer as equivalent to transport through a resistor

curves to the experimental ones. Although the ME model is
simplified and should be viewed as semiquantitative, we
show that it captures sufficiently well the transport charac-
teristics of the polymer and provides an insight in the effect
f processing and microstructure.

A. The Vissenberg and Matters hopping model (Ref. 28)
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TABLE Il. Parameters extracted from fitting the PQT-12 data to the Vissenberg and Matters hopping

model.
Three free parameters fit Two free parameters fit
0o (SIM  kTo(meV) a*(A)  op(S/Im  kTg(meV) ot (A)

Annealed 3.5 101 27.6 1.28 1. 10%? 28.0 1
Quenched 3.5101 29.3 1.05 5.8 10 29.3 1
As-spun 3.x 101 31.9 0.89 7.x109 28.4 1

PTV (from Ref. 29 7x10° 33 0.8 - - -
Pentacengfrom Ref. 29  1.6x 1019 33 2.2 - - -

network where the nodes of the network have different enerferences in the overlap parameter Since the overlap pa-
gies according to the exponential DOS. The percolation crirameter is directly related to the wave-function decay, it is
terion through the network is then related to the temperaturajot obvious why it would vary in microstructural modifica-
the position of the Fermi level, and the width of the expo-tions of the same polymer. We thus also attempted to fit our
nential tail of the DOS. In this model, charge transport oc-data with this model by keeping constanta™*=1 A). The
curs by variable-range hopping. The calculated field-effecfit is visibly worse than in the previous cases. No correlation

mobility is can be drawn betwe€R,, which should be an indication of
B T\3 ToT disorder in the material, and the device mobiliiyable II).
77(_0> Moreover, the conductivity prefactor varies markedly be-
[ T tween the three devices.
K= e T T We therefore conclude that it is doubtful that our results
(2a)3BcF<1—T_)F<1+T_) can be explained by the Vissenberg and Matters hopping
= 0 0 model and that a physical meaning can be attributed to the
" (COVG)Z}TO’T‘l 3 fitted parameters.
L 2kT08s '
where oy is the conductivity prefactore is the wave- B. Mobility edge (ME) model
function overlap parametekT is the width of the exponen-  The ME model assumes that there is a defined enghgy

tial tail of the DOS,s is the dielectric constant of the semi- mobility edge in the DOS that separates mobile states from
conductor, I'(x) =[5 exp(-y)y*"'dy and B; is a constant |ocalized states. Trapped carriers become temporarily mobile
(~2.8). The fitting parameters are,, a, and Ty. In this by thermal excitation to the mobile states. The ME model
model, the mobility is essentially governed by the width of applies intuitively to polycrystalline materials, where the
the DOS and the overlap parameter. Formally, the conductivmobile states are extended band states of the crystallites and
ity prefactor represents the limit of the conductivity asT1/ the trapped states are located in the disordered regions be-
tends to 0. This model however does not apply whe 1/ tween the crystallites. Hopping directly between trapped
tends to 0, therefore, it is difficult to assign a physical meanstates is a competing transport mechani€i@iven our ma-
ing to the conductivity prefactor. Vissenberg and Mattersterial properties, however, at time scales longer than approxi-
modeled the temperature-dependence of the field-effect monately 1us, transport through thermal excitation to mobile
bility of polythienylene vinylene (PTV) and solution- states is expected to domin&ferhus, our experimental con-
processed pentacene. The fitted DOS tail width that they olditions are such that we can neglect direct hopping between
tained from their devices was approximately 33 méN,  trapped states.
=380 K) for both pentacene and PTV, even though the room In order to apply the ME model, we assume that the DOS
temperature mobility of these materials differs by over twoof the polymer is described by bands with tails extending in
orders of magnitude. The authors attribute the mobility dif-the gap of the form shown in Fig. 6. The essential property of
ference to the different tunneling rate between sjtes, to  this DOS is that it varies “slowly” with energy inside the
different values of the overlap parameter band near the band ed{®(E) ~ E"]'° while it varies expo-
Equation(3) was used to fit our mobility versusdata for  nentially with energy inside the band gap. We define the
the three structural modifications of PQT-12, withy «, and  mobility edge,E=0, at the top of the band-like states.
Ty as free parameters. The best fit to the data is obtained by The assumption of an exponential tail is justified as an
allowing o to vary over a wide range. Since the physicalapproximation of the Gaussian distribution generally ac-
meaning of this parameter is questionable, we prefer to fitepted for organic semiconductors. Moreover, completely
our mobility versusT data by varyingr, as little as possible. random disorder is not likely to occur in a polycrystalline
Acceptable fits are obtained with the parameters listed imaterial such as PQT-12, which shows texture by x-ray dif-
Table Il along with those obtained by Vissenberg and Matterdractometry, making a fully Gaussian DOS less preferable
for PTV and pentacene. According to this model, the transthan in amorphous polymers. Finally, a DOS with an expo-
port differences in our PQT-12 films are due mostly to dif- nential tail has been successfully used to model temperature
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distribution, andD(E) is the DOS of the polymer. Solving
Eg. (5) numerically allows us to determingé-(Vg,T). The
concentration of mobile carriers is then

Eo=0
Nmob(VGvT):J D(E)f(Er,E)dE (6)
and the effective mobility is
N
w(Ve,T) = MONLOb (7)
tot

C. ME model fit to the data

A density of states distributiorD(E) based on Egs.
(5)—7) that fits the whole set of temperature dependent data

FIG. 6. Polymer DOS for the ME model and carrier density atis found by successive iterations usihg,, Ep, and uo as

two different temperatures. The Fermi energy is fixed at 0.1 eV.

dependence of conductivity in other disordered material
such as hydrogenated amorphous siligb®? Thus, the lo-

fitting parameters. The parameter values are shown in Table

gll and the fit to the temperature dependence of the mobility

is shown in Figs. @-7(c), for the three different structural

calized donor-like states are represented by an exponentigjedifications. A good fit to the data is obtained, and param-

DOS that decays into the band gap as

_ Niot

= ~E/Ep
exp E, )

D €

(4)

where N is the total concentration of tail states aBgl is
the width(in eV) of the exponential tail. Holes in this part of

the DOS are trapped and do not contribute to the transistar.

current.
The exact functional form of the band DOS is not known

in polymer semiconductors. Here we use the simplest forr?eaCh value of the gate voltage, the charge and potential dis-

for a free electron gas in three dimensions, where the DOS
proportional toEY2 Holes at energies below the mobility

edgeE, are mobile and assumed to have a constant mobilityf

Mo, While holes located at energies above the mobility edg
have zero mobility.

As the gate bias varies, the Fermi level of the semicon
ductor moves in the DOS as a result of charge accumulate

in the polymer. Taking the simple approximation of a fixed
depth of the conducting channel, the Fermi eneggyin the
polymer semiconductor satisfies the following equation:

ColVo =Vl _

Niot(Ve) = h

f ’ D(E)f(Eg,E)JE,  (5)

eters show that the band tail width is the main difference
between the structural modifications.

The above analysis assumes uniform conduction in a fixed
channel. In a TFT, however, the effective mobility is a func-
tion of the charge density, which decreases as a function of
distance from the semiconductor/dielectric interface. In order
to improve the model, and to simulate du¥ data, a tran-
sistor model was used.Briefly, this is a one-dimensional
(1D) model where the current in a TFT is calculated within
the gradual channel approximation, in the linear regime. For

fibutions are calculated in the polymer as a function of dis-
tance from the semiconductor/dielectric interface. Because
his is a 1D model, it could not be used to simulate the full

%ehavior of the device and in particular the saturation re-

gime. Also, we chose not to model the subthreshold behavior
f the device as it depends on subtle details of the DOS. The
purpose of these simulations was to validate the results ob-
tained by applying the ME model rather than to provide a
full model of the device behavior. The input of the model is
the DOS of the polymer and the calculation is compared to
the I-V characteristics of the devices at three temperatures:
180, 140, and 90 K, and the results are shown in Figs.
8(a)-8(c). In each case, once the material parameters are

where h is the channel dimension normal to the dielectricfixed by the fit at 180 K, good agreement between simulation

surface(assumed to be 1 ninf(Eg,E), is the Fermi-Dirac

TABLE Ill. Parameters extracted from fitting the
used for TFT simulatiorfright pane).

and experiment is also obtained at the other temperatures.

PQT-12 data to the ME mdd#lpane). Parameters

Parameters extracted

from ME model

Parameters used in
device simulation

uo (CMPIV'S)  Ep(meV) Ny (em™®) g (cm?/V's)  E,(meV) Ny (cm™)

Annealed 0.8 34 6.5 10%° 0.75 33 1.5¢ 1071

Quenched 0.8 40 810%° 0.75 45 1.5¢ 1071

As-spun 1 50 5.5 1070 0.75 58 1.5¢ 107
PTV (from Ref 29 0.6 45 7.2 107 - - -
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FIG. 7. Experimental data and ME model fit for the annealed . . ) .
(a), quenchedb), and as-spuric) PQT-12 films.Vps=-1 V for the ~ FIG. 8. Comparison of experlm_ental dataointy and device
annealed filmVps=—2 V for the quenched and as-spun films. simulation (lines) for the annealed filn{a), quenchedb), and as-

spun (c) PQT-12 films.Vps=—1V for the annealed filmVpg

. . . =-2V for the quenched and as-spun films.
The parameters used for the simulation are shown in Table d P

[Il. The band mobility and the band tail widths are similar to

those obtained by the simple ME model. The difference in,qe it 1o explain the temperature and gate voltage depen-
the total concentration of tail states, which is less than gjence of polycrystalline substituted and unsubstituted olig-
factor of 3, reflects the different assumptions of the two mOd'othiophene films$8-4° These authors approximate the DOS

els. We conclude that the parameters are not very sensitive { their films with a double exponential. The shallow tail

the details of the model assumptions. state concentration was>210?° cm™3 and the width was
10.3 meV (120 K) for both an unsubstituted and an end-
IV. DISCUSSION substituted sexithiophene. Their estimates of the intrinsic
mobility of the unsubstituted sexithiophene vary between
A. Transport models 0.03 and 50 cf/V's. The ME model is also successful in

The ME model is widely used for inorganic amorphousinterpreting pentacene TFT measurements with a similar
and polycrystalline materiafd:323637Horowitz et al. also DOS2®
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While it is easy to justify the existence of a mobility edge be modeled as a slowly varying distribution of band states
separating extended mobile states from localized band tailf®llowed by a rapidly varying tail. The values bk, E;,, and
in amorphous covalently bonded semiconducterg., amor- g are bound by physical requirements. The free carrier mo-
phous silicon or in polycrystalline inorganic and organic bility g extracted from the model, is larger than the inter-
semiconductors, this assumption may be more controversiakection point of the Arrhenius-like fits of the data afT£/0
in polymer films. In conjugated polymers, it is usually as- (0.6 cn?/V s) because the statistical shifte., JEx/JT) must
sumed that charge transport is limited #yr intrachain cou-  be negative in this case, wheg moves toward the lower
pling. Charges are delocalized within a conjugation lengthDOS as the temperature is incread&¢h order to correctly
along the chain but are laterally confined in the polymerfit the experimental datds, must be of the order dE,, the
chain. A hopping model between chains seems the appropractivation energy in the Arrhenius-like fit of the experimental
ate mechanism to account for bulk transport. Furthermoresesults. FinallyN,,; must be such that at the charge concen-
polymers exhibit polaron behavior, in which holes are selftrations imposed by the experimental gate voltages, the
localized by structural relaxation, and the polaron bindingFermi level stays in the exponential tail of the distribution in
energy can be enhanced at distortions in the polymer stru@rder to insure Arrhenius-like temperature dependence of the
ture. Polarons are associated with low mobility transport, an@ffective mobility. Although we are obviously not able to
with a hopping mechanism having moderately high activaexplore the whole parameter space and cannot guarantee that
tion energy. the parameters shown in Table Ill are a unique set, their

However, the high mobility regioregular p@titiophenes  values satisfy the previously listed requirements and are
such as PQT-12 or pal$-hexylthiopheng(P3HT) do form  physically reasonable. Finally, if intrinsic mobilities higher
polycrystalline films with strongm-7 coupling within the than~4 cn?/V s are used to fit the dafaising D(E) ~ EY/2
crystallites. Our x-ray diffraction spectra show that thefor the band DO§ unrealistic DOS shapes are obtaired.,
PQT-12 films certainly have a polycrystalline microstructure.the DOS in the tail is higher than in the band
Brown et al** and Osterbackat al* found clear evidence  The position of the mobility edge inside the valence band
of interchain delocalization of the charge carriers in poly-and the exact shape of the valence band edge are not known,
crystalline polythiopheng films, thus indicating the exis- and were not varied in the numerical model. The position of
tence of an extended mobile state within the crystallitesthe Fermi level (and therefore the fraction of trapped
These studies also show that the polarons that are evident ghargey depends logarithmically on the DOS at the band
the regio-random amorphous forms of pafyopheng, are  edge and is therefore not extremely sensitive to its absolute
absent in the regioregular polycrystalline forms. We therevalue. We verified that the parameters extracted from the
fore consider that a transport mechanism involving a mobilsimulations remain within the same order of magnitude and
ity edge and a distribution of shallow traps is a reasonablghow the same qualitative trends for 0 (2D hole gag 1/2
model for the high mobility materials even if a hopping (3D hole gay and 1(the approximate DOS exponent in
model applies to lower mobility amorphous polymers. hydrogenated amorphous siligdid

The ME and hopping models are actually difficult to dis- The ME model indicates that the free carrier mobility is
tinguish purely based on the fit to the experimental data. The-1 cn?/V s, and the uncertainties of our model allow us to
mobility calculated with the hopping model of E@) has an  give only an estimate of-1—4 cnf/V s for the upper limit
Arrhenius-like temperature dependence within the restrictedf the mobility of the PQT-12 films. It is interesting to con-
temperature range over which measurements of organic TF&sder if the measured value corresponds to the mobility in a
are typically made. Our preference for the ME model is“single crystal” transistor made with PQT-12, or whether
based on the expected transport mechanism of polycrystagrain size scattering effects limit the free carrier mobility in
line films, and on the unphysical parameter extraction for thehe polycrystalline films. To date, the highest mobility mea-
hopping model. Since both models share the same functionglired in an organic single crystal is 150 5.4
dependence of mobility on temperature, we applied our The intrinsic carrier mobility is the upper bound of the
model to fit the PTV data used by Vissenberg and Mattersield-effect mobility of all PQT-12 films whose ordered re-
and the results are shown in Table 4iSimilar values as gions share the same structure as the ones examined here. In
PQT-12 are obtained for the intrinsic mobility and the total order to obtain the highest mobility polymer TFT, however,
concentration of donor states. The lower mobility of PTV it is not sufficient to design the molecular structure with the
(~2x 1073 cm?/V s) compared to PQT-12 is primarily at- objective to maximize the intrinsic mobility. The microstruc-
tributed to the width of the exponential tail of the DOS. We ture of the film must also be such as to reduce the band tail
therefore suggest that the ME model may be more approprienergetic disorder as much as possible in order to minimize
ate for PTV. the number of trapped carriers.

B. Parameter extraction C. Structural modifications

The ME model discussed here is simplified but neverthe- The room temperature mobility of the devices examined
less captures the essential features of the temperature ahdre varied by a factor of 20-25, and even more at low
gate voltage dependence of the transport properties of PQTemperature. The ME model indicates that the difference
12. The key assumptions are that a reasonably sharp mobiliyriginates mostly from the different widths of the exponen-
edge can be defined in this matelfadnd that the DOS can tial tail of the DOS. In other words, for our material and

115311-8



INTRINSIC HOLE MOBILITY AND TRAPPING INA... PHYSICAL REVIEW B 70, 115311(2004)

within our range of processing conditions, the mobility is behavior below 200 K. The apparent activation energy de-
governed essentially by the amount of trapping in shallowcreases with increasing charge concentration in the channel.
donor-like tail states. Indeed, the intrinsic mobility is ap- These results can be well understood in terms of trapping of
proximately the same for all the devices examined here. A-arriers in localized states in the exponential tail of the DOS
wider band tail is associated with a more disordered materlaénd thermal excitation in mobile states. The room tempera-

that will therefore have a lower mobility. This result agrees —_— y
with the view that at the dielectric interface the films are aIIture field-effect mobility Of the TFTs can vary by a.f'actor of
~20-25 as a result of different processing conditions. Ac-

made of ordered regions having approximately the same “ .
structure, which governs the intrinsic mobility, and disor-0rding to the ME model, however, these differences are

dered regions, which govern the trap states. The three film@10stly due to differences in the width of the exponential tail
processed differently have different distributions of trap©f the DOS, and not in the intrinsic mobility in the ordered
states, which lead to different mobility. Nevertheless, theregions of the material: the lower the mobility, the wider the
films must have essentially the same structure in the orderedionor tail width. The width of the exponential tail of the
regions since they have the same intrinsic mobility. It is notDOS is usually associated with the degree of structural order
surprising that the as-spun film has the broadest DOS taibf the material. We estimate the intrinsic mobility of our
since we would expect to find the largest variations in localPQT-12 films to be~1-4 cnf/V s.
structure in a film whose structure has not been allowed to Even though our simple model captures the essential fea-
equilibrate through an annealing step, in agreement with theures of the PQT-12 transistors, more accuracy in modeling
x-ray diffraction data. the charge transport properties of the devices would be ob-
It was noted earlier that the x-ray diffraction of the tained by introducing a more realistic DOS. In this regard,
guenched film indicates an amorphous structure, even thougéxperimental determination of the DOS of polymer thin films
the mobility is higher than the as-spun film. The parameterss of key importance.
extracted from the ME model suggests that the interface re-
gion where transport occurs actually has an ordered poly-
crystalline structure. It seems to us reasonable to suppose
that the polymer material immediately adjacent to the dielec-
tric has an ordered structure largely determined by the inter-
face, even if the bulk material is disordered by the high tem- The authors gratefully acknowledge R. B. Apte, W. S.
perature anneal and subsequent rapid quenching. Wong, M. L. Chabinyc, J. P. Lu, and J. E. Northrup of PARC
for helpful discussions and B. Krusor for help with the x-ray
V. CONCLUSIONS spectra. This work was partially supported by the Advanced
The field-effect mobility of polymer TFTs made with Technology Program of the National Institute of Standards
PQT-12 as the active material shows a thermally activateeénd TechnologyContract No. 7ONANBOH3033
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